Abstract The Suzuki-Miyaura coupling reaction of 4-pyrimidyl tosylates was investigated with aryl, heteroaryl and alkyl boronic acids. The reaction provided 4-substituted pyrimidines in good-to-excellent yields after one-hour microwave irradiation in water at 100 °C. The method constitutes a fast option for the synthesis of these heterocyclic systems.
Cross-coupling reactions constitute a synthetic tool with an ever-increasing role in organic synthesis. A particular example is the preparation of biaryl derivatives by Pdcatalyzed Suzuki-Miyaura coupling, which has been extensively exploited over recent decades. 1 Although aryl iodides and bromides have found widespread use as the electrophilic counterpart for these coupling reactions, 2 their preparation constitutes an additional step that is highly dependent on the nature of the arene. Introduction of the halogen atom by a direct ring halogenation, in the case of electron-rich systems, may proceed in high yield under mild conditions, but often gives rise to a mixture of isomers.
3 By contrast, electron-poor systems, such as the pyrimidine ring, require considerably harsher conditions to achieve poor yields. 4 The use of Lewis acids to promote these reactions frequently leads to non-negligible mixtures of regioisomers. 5 Although methods for the halogenation of arenes have been improved, 6 the best results are based on already functionalized starting materials. 7, 8 Problems of regioselectivity 5b have been overcome in a few cases by careful selection of the arene system 9 or by using transition-metal catalysts.
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The above limitations of aryl halides prompted the search for other substrates for coupling reactions, with easily accessible leaving groups. Among them, aryl triflates, 11 nonaflates 12 and tosylates 13 are promising alternatives. Besides being cheaper, tosylates are stable towards heat and hydrolysis. Their main drawback is their reduced reactivity, when compared with the corresponding halides, but this limitation can be circumvented by a proper choice of catalyst and reaction conditions, in conversions involving electrophilic aryl and heteroaryl systems. For instance, 2-pyridyl tosylates and electron-rich olefins undergo HeckMizoroki cross-coupling reactions in good yields. 14 Other electron-poor heterocyclic tosylates combine a good reactivity with their ready accessibility, being obtained from the corresponding hydroxyl derivatives; themselves products of cyclization with ester derivatives. 15 In a recent work we have described the ultrasound synthesis of the relatively unexploited 4-pyrimidyl tosylates 1.
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In the present report, we describe a detailed study of the Pd-catalyzed Suzuki-Miyaura coupling of these derivatives with a variety of aryl, heteroaryl and alkyl boronic acids, comparing catalysts, solvents and different tosylates, for the preparation of 4-substituted pyrimidines (Scheme 1). 
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As a model reaction, the coupling of tosylate 1a (R 1 = Me, R 2 = H, R 3 = Ph) with phenyl boronic acid 2a (R 4 = Ph) in the presence of tetrakis(triphenylphosphine)palladium was studied in five solvents of different polarities with three different heating sources: conventional heating, heating by ultrasound irradiation and by microwave irradiation. The obtained results are listed in Table 1 . In all cases, heating was required to improve yields, and no reaction was observed at room temperature. Reactions carried out under microwave or ultrasound irradiation shortened the coupling reaction time considerably, when compared with those carried out under conventional heating. Lower yields were observed for ultrasound-promoted reactions compared with MW-heated processes, probably due to the lower temperature at which the reaction was conducted; after 1 hour sonication of the reacting mixtures, the final temperatures attained were never higher than 80 °C, although, after this time the substrates were fully consumed.
Yields of palladium-catalyzed Suzuki-Miyaura reactions are strongly solvent-dependent. The reacting medium may affect the oxidative addition or the transmetalation step 17 or even change the active catalytic species. 18 In the case of the model reaction, formation of compound 3a was favored in polar solvents, such as water, ethanol and N,N-dimethylformamide (DMF), when compared with less polar solvents such as tetrahydrofuran (THF) and toluene. In spite of the poor solubility of the coupling reagents in water, this solvent proved the best medium for the reaction, regardless of the employed heating source. Pd-catalyzed reactions in water often face the problem of catalyst aggregation and formation of inactive 'Pd-black', so that many of these reactions do not occur in aqueous media. 19 In our case, it is noteworthy that water not only had no adverse effect on this Pd-catalyzed process, but indeed proved to be the best solvent for these coupling reactions. As recognized before for several organic reactions involving hydrophobic reagents, 20 this enhanced reactivity may be ascribed to hydrophobic aggregation of the reactants in water. Having established water as the solvent of choice, and microwave heating at 100 °C for 1 hour as the optimal reaction conditions, the effect of different palladium catalysts was next investigated. Table 2 compares different catalysts in a model reaction between tosylate 1a and phenyl boronic acid under the above conditions. As expected, a palladium catalyst was always necessary for the formation of the coupled product. In its absence, compound 3a was not formed ( Table 2 , entry 1). Palladium acetate proved completely ineffective (entry 4), but the addition of triphenylphosphine to palladium acetate led to the formation of 4-phenylpyrimidine 3a with a reasonable yield (67%; entry 5), stressing the importance of a phosphine ligand for the stabilization of the active Pd(0) species. The possible effect of an intermediate palladium-phosphine catalyst in this process found support in the superior yield (97%; entry 2) obtained when pure Pd(PPh 3 ) 4 was employed as the catalyst (entry 7). Yields also increased with the amount of added catalyst, attaining maximum values for a 5% mol Pd(PPh 3 ) 4 loading.
Having established the best reaction conditions and catalyst, we next compared the reactivity of different aryl boronic acids in these cross-coupling reactions, by reacting tosylate 1a with ten aryl-and three heteroaryl-boronic acids 2a-m to form 4-arylpyrimidines 3a-m. Scheme 2 summarizes the obtained results. Yields tended to increase with the nucleophilicity of the boronic acid (compounds 3f-j in Scheme 2). Electron-withdrawing substituents on the aryl 
boronic acids (compounds 2a-e in Scheme 2) decreased the yields of the reaction, as observed for other Suzuki-Miyaura coupling processes.
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The reactivity of six 4-pyrimidyl tosylates 1b-g with ptolyl boronic acid under the developed conditions was next investigated. As shown in Scheme 3, the desired pyrimidines 3n-s were obtained in good to excellent yields.
Attempts to extend the method to alkyl boronic acids were less successful, with variable yields that depended on the structure of the employed tosylate or the alkyl boronic acid (Scheme 4). Thus, coupling of tosylate 1b (R 1 = Me, R 2 = Me, R 3 = Ph) with n-butyl boronic acid gave the desired product 3t (R 1 = Me, R 2 = Me, R 3 = Ph, R 4 = n-Bu) in 57% yield. Reaction of the same substrate 1b with n-hexyl boronic acid formed 3u (R 1 = Me, R 2 = Me, R 3 = Ph, R 4 = n-Hex) in 42% yield. Surprisingly, tosylate 1a, under the same conditions, did not form any coupled product with either n-butyl or nhexyl boronic acids. Neither 1a nor 1b could be made to react with ethyl or with cyclopropyl boronic acid: even after 2 h of microwave irradiation at 100 °C, significant amounts of the unreacted reagents were still present, and only traces of the desired pyrimidines were detected, as suggested by NMR analysis of the product mixture. These erratic results prompted us to abandon further attempts to obtain 4-alkylpyrimidine derivatives under the developed conditions. Nevertheless, in spite of lying beyond the scope of the present work, the improvement of the reaction conditions for this transformation is currently a subject of investigation in our group.
In conclusion, the relatively unexploited 4-pyrimidyl tosylates are good substrates for Suzuki-Miyaura crosscoupling reactions, allowing a rapid and versatile access to 4-arylpyrimidines, 22 4-heteroaylpyrimidines and, in some cases, 4-alkylpyrimidines. Although the coupling reactions proved in general rather slow under conventional heating at 100 °C, variations of the solvent, heating methods, catalyst, and the aryl boronic partner improved the rates of formation and the yields of the coupled products. Optimal reaction conditions employed water as the best solvent, microwave heating at 100 °C, a Pd(PPh 3 ) 4 catalyst, and electronrich aryl or heteroaryl boronic acids for the preparation of 4-arylpyrimidines in high yields. This process should prove a valuable alternative for the synthesis of these and related pyrimidine derivatives. 
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